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The Panzhihua gabbroic intrusion, part of the plumbing system of the Emeishan large igneous province,
intruded late-Proterozoic dolomites and marls aboutw263 Ma ago. The dolomites in the contact aureole
were converted to brucite marbles and a diverse suite of forsterite, diopside and garnet skarns. The
variation in mineralogy is explained in part by differences in the composition of the protolith, particu-
larly the proportion of silica minerals and clay, and in part by transfer of elements from intruding
magmas. The trace element compositions of most marbles and skarns are very similar to those of
unmetamorphosed dolomites and marls, but some contain high Si, Ti, and Fe contents that are inter-
preted to have come from a magmatic source. Three brucite marbles sampledw10 m from the contact of
the intrusion and named “enriched brucite marble” have trace element compositions very different from
their dolomitic protolith: their rare earth elements are strongly enriched whereas levels of Nb-Ta, Zr-Hf
and Ti are very low. These characteristics resemble those of carbonate liquid in equilibrium with silicate
liquid or more probably with silicate minerals in the case of Panzhihua, a similarity we take to indicate
that the sample underwent partial melting. Samples taken up to 300 m from the contact contain brucite
indicating that high temperatures persisted well into the country rocks. However, other samples
collected only tens of metres from the contact are only slightly recrystallized indicating that conditions in
the aureole were highly variable. We suggest that temperatures within the aureole were controlled by
conduction of heat from the main intrusion and by supply of additional heat from abundant small dykes
within the aureole. Circulation of ﬂuids derived from deeper levels in the aureole ﬂushed the carbon
dioxide from the dolomite, lowering temperature needed to partially melt carbonate to the temperatures
attained near the intrusion. Irregular but extensive heating destabilized the carbonates of the aureole
and decarbonation reactions associated with carbonate breakdown and melting emitted a large volume
of CO2, with potential impact on global climate.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The maﬁc intrusions associated with the emplacement of the
Emeishan large igneous province have attracted interest over the: þ33 (0) 492942610.
of Geosciences (Beijing)
evier
sity of Geosciences (Beijing) and Plast decade because of their association with ore deposits (e.g.
Zhou et al., 2005; Wang and Zhou, 2006; Shellnutt and Zhou
2007; Pang et al., 2008a,b; Zhang et al., 2009) and their possible
implication in the end-Guadalupian mass extinction (Zhou et al.,
2002; Ganino and Arndt, 2009). Most of the magmas intruded
dolomites of the Sichuan Basin and many formed large contact
aureoles. In a previous study Ganino et al. (2008) showed that
dolomites in the metamorphic aureole underlying the Panzhihua
intrusion were metamorphosed to brucite marbles and calc-
silicate rocks. In another paper (Ganino and Arndt, 2009), they
calculated the total amount of CO2 released during metamorphism
and investigated the possible effect that the release of this and
other greenhouse gases could have had on the global climate and
the biosphere.eking University. Production and hosting by Elsevier B.V. All rights reserved.
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relatively low temperature (Wyllie and Tuttle, 1959, 1960; Wyllie,
1965), but natural examples of such melting are rare (Wenzel
et al., 2002).
In this paper we focus on samples collected in the contact
aureole of the Panzhihua intrusion.We discuss the heterogeneity of
the aureole and show that some samples collected close to the
contact have a distinctive trace element composition. We use this
argument to deﬁne the physical conditions and element mobility
within the aureole, information that provides a basis for under-
standing at a more general level the manner in which the Pan-
zhihua intrusion interacted with its surroundings.
2. Geological setting
The Emeishan large igneous province was emplaced at 258 Ma
in southwest China (Zhou et al., 2002) and is exposed throughout
southwestern China and northern Vietnam covering an area of
w0.3  106 km2 (Ali et al., 2005). Major deformation and uplift
related to Himalayan tectonics disrupted the plateau which now
has been largely lost through erosion. The Emeishan magmas
intruded sedimentary rocks of the Sichuan basin.
In the Panxi region, uplift and erosion has exposed large maﬁc-
ultramaﬁc intrusions that are considered to be part of the plumbing
system of the Emeishan ﬂood basalts. Zhou et al. (2008) obtained
U-Pb zircon ages of 259e263 Ma for these intrusions and used the
coincidence with the ages of Emeishan volcanism as evidence that
the intrusive and volcanic rocks formed parts of the samemagmatic
event.
The Panzhihua gabbroic intrusion dips 50e60 NW and ex-
tends about 19 km along strike (Fig. 1). A new interpretation of its
structure is described in detail by Pêcher et al. (2013). The ma-
jority of the wall rocks are Neoproterozoic (Sinian) dolostones
(Fig. 2). These rocks are almost pure and most contain very low
contents of clay and silica minerals, but they are interbedded
with siliceous limestones, marlstones and shales. Most of the
rocks are massive, poorly bedded and have a beige to pale pink
colour. In rare samples, small veins of anhydrite indicate shallow-
water deposition. The marlstones and shales contain variable
proportions of clay minerals and minor K-feldspar, and some
contain interlayered chert. The dolomites and marls overlie
clastic sedimentary rocks of the Doushantuo Formation and are in
turn overlain by Triassic sedimentary sequences. The magmatic
rocks of the Panzhihua intrusion have been described by Zhou
et al. (2005, 2008), Ganino et al. (2008), Pang et al. (2008a,b,
2010), Zhang et al. (2009) and Hou et al. (2011a,b), and associated
dykes were analyzed and dated by Shellnutt et al. (2012). From
stable isotope analyses, Ganino et al. (2013) estimated that the
Panzhihua gabbro assimilated 8e13.7 wt.% of carbonate wall-
rock. Ganino et al. (2008) and Ganino and Arndt (2009) provided
preliminary descriptions of the marbles and skarns and explained
how carbon dioxide released during the metamorphism may
have triggered both the ore formation and global climate change.
3. Methods
More than 200 samples of sedimentary rocks, skarns and
magmatic rocks were collected during four ﬁeld trips in June 2005,
December 2005, FebruaryeMarch 2010 and November 2011. The
sampling focused on the lower contact aureole because a faulted
upper contact and intrusion of syenite has removed the upper
aureole. Samples were collected at irregular intervals throughout
the lower aureole, as shown in Fig. 1, and additional samples were
collected along a 450 m long traverse perpendicular to the contact
with the intrusion, extending along the railroad from the southernwall of the Zujiabaobao pit to the ﬁrst tunnel where the meta-
morphic dolomitic limestones are in contact with quartzite of the
Doushantuo Formation. An objective of this traverse and the other
sampling was to monitor any change in metamorphic conditions
when approaching the intrusion. Most of the sampling of the
aureole was conﬁned to the excellent exposurewithin the open pits
of the Panzhihua mine in the north-eastern part of the intrusion;
outside this area outcrop is very poor.
Fourteen samples of unmetamorphosed Sinian sedimentary
rocks were collected at two locations, one at the Ertan Dam
w22 km to the north of the intrusion (8 samples), and the other
w7 km to the west of the intrusion (6 samples). Forty samples were
selected for analyses (Ganino et al., 2008; 2013). The analytical
procedures and the major and trace element compositions of these
samples are reported in Ganino et al. (2008) and only the 10 new
analyses are presented in Table 1. A selection of analyses that rep-
resents the diversity of the protolith and the contact aureole is
reproduced as supplementary material.4. Results
4.1. Petrology of the contact aureole
All the calcareous rocks of the contact aureole have been
transformed into marbles, calc-silicate rocks or skarns. Our recon-
naissance mapping of the aureole (Ganino et al., 2008) and the
450m long traverse perpendicular to the contact with the intrusion
indicates that although the aureole is up to 300 m thick, there
is little evidence of increasing metamorphic conditions when
approaching the intrusion. Instead, the aureole is heterogeneous
with high temperature metamorphosed dolostone located hun-
dreds of metres from the intrusion. The crucial samples are two
brucite marbles, EM108 and EM413; these highly metamorphosed
rocks are located at the margin of the exposed portion of the
aureole (Fig. 1) more than 300 m from the contact.
In marked contrast to the well-crystallized nature of most
samples, a zone located only tens of metres from the contact of the
main intrusion at the northern portion of the Lanjian open pit
contains a diverse suite of rocks that are weakly recrystallized and
retain the ﬁner grain size and structures of their sedimentary pre-
cursors. Three examples are shown in Fig. 3d, e, and f: EM415 is a
ﬁne-grainedmarly limestonemade upmainly of calcite and chlorite
withminor epidote, apatite and ilmenite; EM416, ametamorphosed
tuff or immature siltstone, contains blue-green clinopyroxene,
biotite, potassium feldspar, sodic plagioclase, calcite and apatite;
and EM418 is a metapelite containing abundant brown mica in
addition to potassium feldspar and ﬁne-grained clinopyroxene.
Each sample is ﬁnely laminated, a structure inherited from the
sedimentary precursors. These mineral assemblages and textures
indicate that these rocks, despite their proximity to the contact of
the Panzhihua intrusion, were subject to less extrememetamorphic
conditions than those which prevailed in other parts of the aureole.
In most of the aureole, the most common rock type is brucite
marble, a homogeneous, white to pale green, well-crystallized,
medium- to coarse-grained marble that contains only a small
amount of silicate minerals (w1%, mainly olivine) but up tow40%
brucite (Fig. 3a and b). This rock is largely representative of the
contact aureole, as shown in the log in Fig. 1.
Brucite may form through hydration of periclase, a mechanism
implying a temperature of w600 C for a pressure of 1 kbar,
following the reactions:
CaMgðCO3Þ2/CaCO3 þMgOþ CO2
dolomite calcite periclase (1)
Figure 1. Geological map of the Panzhihua intrusion, modiﬁed from Tang (1984) and Zhou et al. (2005) and synthetic log of the Panzhihua lower contact aureole. Under the intrusion, 300 m of dolomite from the Dengying Formation is
metamorphosed to marble and skarn. The Doushantuo Formation is composed of sandstone and shows no evidence of intense contact metamorphism.
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Figure 2. Photographs of the Panzhihua open-pit. (a) General view of the open-pit
showing the white outcrop of dolomitic wall-rock; (b) intrusion of dolerite in the
dolomitic wall-rock; (c) detail of the border around another intrusion of dolerite;
(d) zebra-rocks developed around small dolerite boudins.
C. Ganino et al. / Geoscience Frontiers 4 (2013) 535e546538MgOþH2O/MgðOHÞ2
periclase brucite (2)
Another mechanism of brucite formation involves the destabi-
lization of dolomite in the presence of water through the prograde
reaction:
CaMgðCO3Þ2 þ H2O/MgðOHÞ2 þ CaCO3 þ CO2
dolomite brucite calcite (3)
This reaction occurs in the presence of hydrous ﬂuids at tempera-
tures as low asw 450 C at 1 kbar.
Thin sections of brucite marbles of the Panzhihua contact
aureole contain ﬁbrous and anhedral brucite crystals whose
morphology does not correspond to the cubic habit expected if
brucite had formed from periclase. In addition, the photomicro-
graph and chemical maps reproduced as Fig. 3gei suggest that
brucite and forsterite coexisted, apparently in equilibrium; in
particular, the forsterite shows no sign of the serpentinization that
would be expected if the surrounding brucite grains had formed
through hydration of periclase. The presence of prograde brucite is
taken as evidence of thermal metamorphism of dolostone at tem-
peratures >450 C in the presence of ﬂuids with relatively high
H2OeCO2 ratios.
Other rocks in the aureole contain a more diverse, siliceous
metamorphic assemblage. Many samples contain abundant small
grains of forsterite, in addition to brucite (Fig. 3a). Other samples
contain garnet and diopside suggesting either a shaley protolith, or
metasomatic introduction of silicon, aluminium, iron, and other
elements. Most of these rocks are well-crystallized, with calcite,
brucite, diopside and garnet typically having a grain size between 1
and 5mm.Most samples are homogeneous and devoid of structure,
but irregular zones distributed throughout the aureole are banded
at a centimetre scale. The banding, which is deﬁned by variations in
grain size or in the proportions of brucite or silicate minerals, is
more pronounced in the calc-silicate rocks than in the more ho-
mogeneous brucite marbles. Plastic deformation of the rocks
within the aureole has resulted in folding at different scales (cm to
m) and with different styles.
In our mapping we observed no systematic variations in the
proportions and types of metamorphic minerals throughout the
calcareous portion of the aureole. The abundance of the carbonate
and silicate minerals and their textures remained similar along a
traverse to the margin of the aureole at a distance of 300 m from
the contact with the intrusion.
Dolerite dykes like those illustrated in Fig. 2 intrude the
aureole. The youngest intrusions have sharp contacts but early
intrusions have been broken up into rounded boudins or diffuse
bands and lenses by deformation and metasomatic interaction
with the marble. These structures indicate that the dolerites
intruded during the contact metamorphism. Surrounding many
boudins are millimetre- to centimetre-scale concentric bands
enriched in maﬁc minerals (“zebra rock”; Fig. 2). Dark-coloured
bands containing up to 90% ferromagnesian silicate minerals
alternate with bands composed essentially of relatively coarse-
grained calcite. Similar zebra-rocks were described at Beinn an
Dubhaich, Skye, by Holness (2000) who proposed that the patterns
were created by a process of self-organization during grain growth
as elements from the dolerite migrated out into the marble. Ex-
amples in the Panzhihua aureole show a distinct mineralogical
zonation: bands adjacent to the relict dyke consist dominantly of
forsterite (now altered to serpentine)  diopside and spinel,
whereas those farther from the contact are rich in diopside and
garnet. This zonation, and the very existence of the banding, is
evidence of transfer of major elements such as Si, Ti, Al, Fe from the
dyke rock into the marble.
Table 1
Selectedmajor and trace element compositions (inwt.%) of the Panzhihua intrusion, its contact aureole and the supposed protolith. More analyses and details on the analytical
methods are available in Ganino et al. (2008).
Sample
No.
Contact aureole Dykes associated to Panzhihua intrusion
EM315 EM332 EM334 EM338 EM339 EM343 EM304 EM305 EM342 EM346
Type “Enriched”
brucite
marble
Brucite
marble
“Enriched”
brucite
marble
Garnet
marble
Marble Serpentine
marble
Maﬁc
dyke
Maﬁc
dyke
Maﬁc
dyke
Maﬁc
dyke
SiO2 2.85 0.78 1.60 52.46 8.41 7.92 43.15 44.80 48.93 41.63
TiO2 <D.L. <D.L. <D.L. 0.64 <D.L. 0.10 1.43 1.65 0.82 4.16
Al2O3 0.38 <D.L. <D.L. 14.32 0.44 0.90 5.99 7.00 18.70 10.77
Fe2O3 0.13 <D.L. 0.61 5.00 0.34 0.61 13.45 13.51 8.95 19.34
MnO 0.10 0.10 0.20 0.60 <D.L. 0.10 0.16 0.17 0.80 0.25
MgO 20.39 21.76 20.26 3.79 12.80 7.96 22.30 21.49 3.88 5.56
CaO 35.50 36.20 35.75 13.51 38.33 44.60 7.56 7.37 6.73 10.38
Na2O 0.80 0.80 0.70 0.21 0.80 0.70 1.34 1.37 1.29 0.69
K2O 0.50 <D.L. <D.L. 8.23 0.60 <D.L. 0.56 0.54 7.00 5.10
P2O5 <D.L. <D.L. <D.L. 0.27 <D.L. <D.L. 0.12 0.13 <D.L. 0.57
LOI 38.59 39.21 39.20 1.33 39.64 38.82 2.40 1.41 3.00 1.90
Cs 0.020 <D.L. <D.L. 1.16 0.550 0.080 0.440 0.070 7.04 2.14
Rb <D.L. 0.200 <D.L. 275 0.120 0.12 15.5 8.69 182 150
Sr 91.9 58.6 99.4 147 217 193 186 263 373 196
Ba 32.7 12.8 27.2 836 33.9 45.9 188 143 467 684
Nb 0.030 0.030 0.070 16.7 0.600 0.85 13.4 17.5 9.93 56.7
Ta <D.L. <D.L. <D.L. 1.19 0.030 0.070 0.840 1.09 0.460 3.51
Zr 3.41 0.780 4.58 131 8.12 15.5 104 122 104 403
Hf 0.100 <D.L. 0.060 3.37 0.220 0.380 2.67 3.05 2.61 9.60
Y 4.53 0.190 1.72 25.4 0.810 5.17 13.2 15.2 23.1 44.1
La 2.90 0.190 2.20 38.8 0.950 5.06 14.6 17.8 27.4 60.7
Ce 3.28 0.230 4.42 81.1 2.03 6.72 33.3 40.5 53.7 136
Pr 0.520 0.020 0.540 8.41 0.250 1.05 4.25 5.14 6.67 17.4
Nd 2.10 0.090 2.29 29.5 0.980 4.36 17.6 21.0 26.0 70.9
Sm 0.370 <D.L. 0.440 5.49 0.190 0.820 3.69 4.31 5.47 13.6
Eu 0.100 0.010 0.140 0.990 0.050 0.180 1.18 1.38 1.24 4.08
Gd 0.430 0.020 0.370 4.68 0.170 0.810 3.38 3.75 4.70 11.5
Tb 0.070 <D.L. 0.050 0.700 0.030 0.110 0.490 0.55 0.710 1.61
Dy 0.450 0.010 0.280 4.32 0.150 0.650 2.77 3.10 4.37 9.12
Ho 0.090 <D.L. 0.060 0.860 0.030 0.140 0.510 0.58 0.820 1.68
Er 0.300 0.010 0.160 2.51 0.070 0.380 1.32 1.46 2.35 4.38
Yb 0.210 0.010 0.140 2.32 0.070 0.290 1.01 1.15 2.08 3.45
Lu 0.030 <D.L. 0.020 0.330 0.010 0.040 0.140 0.16 0.300 <D.L.
Pb 1.34 0.140 0.310 5.47 0.720 0.480 2.47 2.05 7.34 8.64
Th 0.110 0.040 0.070 21.5 0.240 0.340 1.78 2.61 2.56 3.29
U 0.030 0.030 0.080 4.13 0.810 0.350 0.640 0.52 0.490 1.75
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Major and trace element analyses are reported in Ganino et al.
(2008). Only a selection of representative analyses are presented
in addition to the new data and discussed in this article.
4.2.1. Major-element compositions
The analyses listed in Table 1 and as supplementary material.
The data, plotted in Fig. 4, show that for most elements, the com-
positions of marbles and skarns in the aureole plot between those
of the three sedimentary end-members sampled and analyzed in
the area (Ganino et al., 2008) e dolomite, marl and sandstone. To a
ﬁrst degree, the major-element compositions of the rocks in the
aureole can therefore be interpreted as the metamorphosed
products of mixtures between the three types of sedimentary
protolith or of impure, chert- or shale-bearing carbonates. The only
obvious anomaly is TiO2, which, in the zebra rock analyzed by
Ganino et al. (2008), has a concentration higher than those of the
sedimentary rocks and approaching that of the presumably dolerite
core of the structure. This composition, and the evident spatial
association between zones of banded calc-silicates and relict maﬁc
dykes, suggests some transfer of major elements from dolerite
to marble. Another aspect of the data is the fairly uniform disper-
sion of major-element compositions between the dolomite and
the marl, which contrasts with the relative proportions ofunmetamorphosed sediments, which are predominately pure do-
lomites with relatively rare marly units.
4.2.2. Trace element compositions
Fig. 5 shows the abundances of trace elements, normalized to
the primitive mantle of Hofmann (1988), of the intrusions, of
unmetamorphosed sedimentary rocks and of the rocks of the
aureole. As reported in Ganino et al. (2008), the dolomites have
very low concentrations of most trace elements (typically around
0.1 times primitive mantle for the four analyzed samples). Con-
centrations of U, Pb and Sr are much higher and they deﬁne strong
positive anomalies in the mantle-normalized patterns. Concentra-
tions of Nb and Ta are relatively low and they deﬁne negative
anomalies (Fig. 5a). Our samples of marl and sandstone have higher
overall concentrations (two orders of magnitude higher than in the
dolomites, with small negative Nb-Ta, and Sr anomalies (Fig. 5b)).
The metamorphic rocks of the aureole have highly variable
contents of both major and trace elements within which several
distinct groups can be identiﬁed. In the garnet marble EM338,
elevated concentrations of the rare earth elements (REE) and large-
ion lithophile elements (LILE) coincide with high SiO2 and Al2O3
contents, supporting the inference made on the basis of mineralogy
and major elements that the variation is due, at least in part, to a
variable proportion of clay or other detrital minerals in the protolith.
In other samples, the variation in trace element contents is not
Figure 3. Microphotographs under plane-polarized light of (a) brucite marble EM39, (b) brucite marble EM65, (c) ﬁne-grained marly limestone EM415, (d) metamorphosed tuff or
immature siltstone EM416, (e) metapelite EM418; (f) electron microprobe backscattered electron images of brucite marble EM94, associated Ca-content (g), Si-content (h) and Mg-
content (i). Colour scale: from blue (low concentration) to red (high concentration).
C. Ganino et al. / Geoscience Frontiers 4 (2013) 535e546540coupled to that of the major elements, suggesting mobility of one or
several elements. For example, sample EM41 contains only 6 wt.%
SiO2 and 1 wt.% Al2O3, corresponding to a low clay fraction, but its
REE concentrations are 10 times greater than those in the dolomites.
The trace element patterns of the low-SiO2 brucite marbles
EM65, 74 and 108 (Fig. 5c) are similar to those of the dolomites. The
marbles share the positive U, Pb and Sr anomalies, the negative Nb-
Ta anomalies and low concentrations of most other trace elements,
indicating that for trace elements as well, the metamorphism was
essentially isochemical. Other marbles and skarns from the aureole
have variable trace element compositions (Fig. 5d), with patterns
resembling those of the marl and sandstone.
Three brucite marble samples, EM39, EM315 and EM334, have
distinctly different compositions (Fig. 5e). These samples, which we
will refer to as “enriched” were collected adjacent to the contact
with the main intrusion. They all have high concentrations of
certain trace elements, particularly the rare earths and large-ion
lithophile elements such as Rb and Ba (0.5e5 times primitive
mantle). Contents of the high-ﬁeld strength elements (HFSE)
including Nb-Ta, Zr-Hf, and Ti but not Y are relatively low, deﬁning
enormous negative anomalies in the normalized trace element
patterns reproduced in Fig. 5e.
The trace element compositions of gabbros of the Panzhihua
intrusion are described in detail by Zhou et al. (2005, 2008), Pang
et al. (2008a,b, 2010), Zhang et al. (2010) and Hou et al. (2011a,b).Samples with high magnetite contents display large positive
anomalies of Th-U, Pb, Zr-Hf, and Ti (Fig. 5f).
Major element plots (Fig. 4) distinguish two types of maﬁc dykes
in the Panzhihua aureole: the ﬁrst, represented by a 30 m wide
multiple intrusion sampled as EM304, EM305 and EM342, has very
high MgO contents and plots in the Emeishan picrite ﬁeld (Xu et al.,
2001), an observation supported by its trace element compositions
(Fig. 5); the second type of dyke (EM346) has a more evolved
potassic andesitic composition containing 41.6 wt.% SiO2, 5.5 wt.%
MgO, 4 wt.% TiO2, 5.1 wt.% K2O and 10.7 wt.% Al2O3 and plotting in
the middle of the array deﬁned by the Panzhihua gabbros (Fig. 4),
except for potassium. Although both dykes have a limited positive
Ti anomaly, EM346 is enriched compared to the other dyke and
displays negative Th and Sr anomalies.
5. Discussion
5.1. Melting of protolith as an explanation of the geochemical
features of samples EM39, EM315 and EM334
One way to explain the fractionation between REE and HFSE
observed in the three “enriched” brucite marbles is to invoke
immobility of Ti and HFSE in aqueous ﬂuids (e.g. You et al., 2002),
and to attribute the observed pattern to the retention of the HSFE in
a Ti-bearing phase rather than in the ﬂuid. This hypothesis is
Figure 4. Element/element diagrams of the protolith, the contact aureole and the intrusions. Gabbro and ore data are from Zhou et al. (2005).
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the aureole, but it faces several problems including: (1) the pre-
dominance of samples that are not enriched in trace elements: only
three from a total of 36 samples from the aureole that we analyzed
shows this pattern even though CO2eH2O ﬂuids should have
circulated through the entire aureole; (2) the absence of fraction-
ation between the other trace elements. From experimental data
(e.g. You et al., 2002) and analysis of variably altered rocks (e.g.
Middelburg et al., 1988), we know that large-ion lithophile ele-
ments such as Cs, Rb and Sr are moremobile than the REE but these
elements are not over-enriched in the samples.
For these reasons we propose that the enrichment in all trace
elements except the HFSE in samples EM39, EM315 and EM334 isthe result of another mechanism: namely, interaction between
silicate minerals and melt produced by partial melting of the
marbles.
Veksler et al. (1998) conducted experiments and analyzed the
partitioning of trace elements between co-existing silicate and
carbonate liquids. They showed that the REE and LILE partition
strongly into the carbonate liquid whereas the HFSE partition
preferentially into the silicate liquid (distribution coefﬁcients are
reproduced as supplementary material). This implies that when
incongruent partial melting of dolomitic rocks produces a carbon-
ate liquid, as inferred in the Ioko-Dovyren intrusion byWenzel et al.
(2002), the REE and LILE partition into the carbonate liquid while
the HFSE are retained in the silicate phase. In contrast to the
Figure 5. Mantle-normalized trace element diagram of (a) Sinian dolomites, (b) marl and sandstone, (c) brucite marbles far from the contact, (d) others skarns of the aureole,
(e) “enriched” brucite marble EM39, EM315 and EM334, (f) gabbro and magnetite ore (data from Zhou et al., 2005) and (g) dolerite dykes. Emeishan picrite composition ﬁeld is from
Xu et al. (2001). Primitive mantle normalization values are from Hofmann (1988).
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Figure 6. T XCO2 diagram calculated for the system MgOeCaOeH2OeCO2, at
P ¼ 1 kbar and ﬂuid saturation with the PerPlex software (Connolly, 1990) using
Holland and Powell (1998) mineral data. The melting curve of calcite is adapted from
Wyllie (1965).
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phase was a liquid, in the Panzhihua situation there probably was
no direct contact between a silicate melt and carbonate liquid. The
base of the Panzhihua intrusion would have been chilled and
partially solidiﬁed and most probably was separated from the
carbonate wall rocks by solid border zone (Pêcher et al., 2013). We
exclude interaction with the dykes as an explanation because the
distribution of “enriched” brucite marbles does not show any cor-
relation with proximity to the dykes. Our interpretation is that
carbonate liquid interacted with solid silicate minerals in the
skarns, particularly those within the calc-silicates that abound in
the contact aureole. We envisage that patches of partial melt of
carbonate formed as heat was conducted from the main intrusion.
Carbonate liquid is considerably less dense than the silicate rock
and solid carbonate, and some of this partial melt may have
migrated upwards, penetrating the main intrusion in places such as
to the south of the Lanjian open pit where the intrusive contact is
near horizontal. Elsewhere, small patches of partial melt may have
re-solidiﬁed as the intrusion cooled, to form the material that we
sampled as EM39, EM315 and EM334. In such cases, the REE and
LILE would have partitioned into the partial melt while the HFSE
were preferentially retained in the silicate minerals.
None of our samples of the carbonatewall-rock displays positive
anomalies for HFSE, as might be expected if they retained these
elements after interaction with a carbonate melt. However, skarns
and marbles that did not undergo partial melting are probably far
more abundant than carbonate melts and they contain about ten
times more trace elements than the brucite marbles EM39, EM315
and EM334 (Fig. 5). Any trace element transfer from a large volume
of trace element-rich silicate-rich rock to a limited volume of trace
element-poor carbonate melt would have created large anomalies
in the melt but negligible anomalies in the skarns.
The “enriched” brucite marbles are petrologically identical to
the other brucite marbles. They share the same mineralogy and
texture making it impossible to establish their distribution within
the aureole without multiplying the analyses. Taking into account
the intense deformation observed in the contact aureole, including
the abundance of boudinaged dolerite dykes and intensely folded
marbles, we propose that the carbonate melt segregated and
migrated during the deformation in the aureole, interacting as it
moved with silicate minerals of the skarns.5.2. Thermal implications of the melting of carbonates
Fig. 6 shows a T XCO2 diagram for the system MgOeCaOe
H2OeCO2 at a pressure of 1 kbar and ﬂuid saturation. Wenzel
et al. (2002) documented ﬁeld and petrologic evidence of melting
of dolomite xenoliths in a maﬁc intrusion in the Ioko-Dovyren
body, Russia. In this case, there was no direct evidence for calcite
melting in the strict sense but the observed changes in mineral
composition of dunites and xenoliths were best explained by the
contamination of magmawith CaO.Wenzel inferred that the source
of CaO was probably a pure calcite melt formed during the inter-
action of dolomite xenoliths with maﬁc silicate magma.
Contrary to this, Wyllie (1965), Byrnes and Wyllie (1981) and
Persikov and Bukhtiyarov (2004) showed that melting in the
MgOeCaOeH2OeCO2 system yields an MgOeCaOeCaCO3 melt
rather than a pure calcite melt. Wyllie (1965) determined the phase
relations of the system CaOeMgOeCO2eH2O and showed that at
1 kbar pressure, a carbonate melt would crystallize to a calcite plus
magnesite, periclase or portlandite. On cooling and in the presence
of an H2O-rich ﬂuid, the magnesian phases would convert to bru-
cite, to produce the assemblage observed in the “enriched”marbles
at Panzhihua.Maﬁc magma like that of the Panzhihua intrusion has a liquidus
temperature in the range 1180e1240 C. At such high temperatures,
Wenzel et al. (2002) demonstrated that even with little water
present in the ﬂuid phase (XCO2 > 0:6) only 5 days are necessary to
heat a 1 m dolomite sphere to 1100e1200 C and cause melting.
This timescale is much smaller than the expected lifetime of a km-
scale intrusion, which is probably 104e105 years. Here we sampled
wall rocks rather than xenoliths and samples EM39, EM315 and
EM334 were collected at 10 m, 18 m and 10 m from the contact.
Simple diffusion modelling with a continuously ﬂowing magma
shows that for an initially cold wall-rock (100 C) having a ther-
mal diffusivity of 106 m2/s and for a lifetime of conduits of 3e1000
years, only about 1 m of rock reaches 1100e1200 C. However, at
Panzhihua, a border zone composed of amphibolite is followed
inward by pegmatoid gabbro. This 2e20 m thick layer would have
insulated the wall rocks from the magma. In addition, if the inter-
pretation of Pêcher et al. (2013) is correct, the intrusion crystallized
inwards from its margins, and large volumes of magma did not ﬂow
through the intrusion.
5.3. Circulating ﬂuids as an explanation to the petrological
heterogeneity of the contact aureole
The petrological and geochemical observations presented in
earlier sections provide evidence that conditions within the aureole
were highly variable e sufﬁcient in some locations close to the
contact to cause partial melting or at distances up to 300 m from
the contact to produce brucite marble, but relatively cool at other
places near the contact where the rocks underwent only moderate
recrystallization.
The melting of the dolomitic limestone in the wall-rock of
Panzhihua intrusion probably resulted from a combination of heat
from the main intrusion, the emplacement of multiple maﬁc dykes
into the aureole (Pêcher et al., 2013) and the circulation of water
ﬂushing the carbon dioxide from the rock and lowering partial
melting temperature as proposed by Wyllie (1965).
Figure 7. Illustration of the origin of the diversity of the rocks in the aureole. Mostly composed of brucite marble (e.g. A and D) formed by contact metamorphism of dolomitic
limestones, the aureole contains silicates bearing marbles and skarns (B) formed from marlstones and other siliceous layers. Despite their proximity to the contact of the Panzhihua
intrusion few samples were subject to moderate metamorphic conditions (C), to the contrary of brucite marbles (D) located at the margin of the exposed portion of the aureole far
away from the contact (up to 300 m) which formation is attributed to the additional heat provided by the abundant dykes. Hydrothermal ﬂuids, especially water e as suggested by
the abundance of hydrated minerals in the aureole e circulated and in some cases ﬂushed the carbon dioxide from the dolomite, lowering partial melting temperature to the ones
experienced near the intrusion. A CaOeMgOeCO2 melt formed from hydrated dolomite (E), segregated and migrated during the deformation in the aureole, interacting as it moved
with silicate minerals of the skarns and acquiring the singular trace element composition observed in “enriched” brucite marbles.
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evidence of which is provided by hydrous minerals such as
serpentine or brucite, ﬂushed the carbon dioxide from the dolo-
mite, lowering temperature needed to partially melt carbonate
to the temperatures attained near the intrusion; (2) the
CaOeMgOeCO2 melt segregated and migrated during the defor-
mation in the aureole, interacting as it movedwith silicate minerals
of the skarns and acquiring the unusual trace element composition
observed in “enriched” brucite marbles; (3) as the temperature
within the aureole declined, the melt solidiﬁed ﬁrst to a mixture of
calcite and anhydrous magnesian phases such as magnesite and
periclase; then in the presence of circulating hydrous ﬂuids to the
calcite plus brucite assemblage observed in the “enriched”marbles.
5.4. Implication on carbon dioxide release
Melting of dolomite surrounding the maﬁc intrusions can be
considered as a possibly important contributor to the large volume
of gases produced during the contact metamorphism of sedimen-
tary wall rocks in the plumbing system of LIPs. The impact on
environment of the sediment-derived gases, as proposed by
Svensen et al. (2004, 2007), Retallack and Jahren (2008) and Ganino
and Arndt (2009), should take into account the volume of CO2
potentially released during themelting of carbonates envisaged but
not demonstrated by Ganino and Arndt (2009).
Persikov and Bukhtiyarov (2004) quantiﬁed the carbon dioxide
loss due to melting. Whereas dolomite contains 47.72 wt.% CO2 and
the partial decomposition of dolomite into periclase and calcite
emits 23.98 wt.% CO2, a total of about 29.25 wt.% CO2 is emitted
when the remaining calcite incongruently melts in full. Melting
may therefore have been responsible for a signiﬁcant additional
emission of CO2 (up to about 22% for molten rocks), with potential
impact on global climate.
It is difﬁcult to estimate the volume of molten carbonate. The
physical properties of molten carbonate are poorly documented,
but experimental data on their behaviour in an olivine matrix doexist. Hunter and McKenzie (1989) carried out a melting experi-
ment to determine the equilibrium dihedral angle for a dolomitic
melt in an olivine matrix. They concluded that because of their low
viscosity, carbonate-rich melts can separate from their residue at
melt fractions as small as 0.02% in 10 Ma. This result is in good
agreement with the results of Minarik and Watson (1995) or with
the inﬁltration experiments presented by Hammouda and Laporte
(2000) that demonstrated carbonatite melts can percolate very
quickly in polycrystalline olivine with observed diffusion rates
several orders of magnitude higher than those for basalt.
In the case of Panzhihua, a signiﬁcant proportion of the carbonate
liquid may have percolated upwards, driven by its low density. The
weathering of the upper portion of the intrusion has erased any evi-
dence for thisprocess, preventing anyquantiﬁcation.Anupper limit is
provided, however, by the absence of signiﬁcant depletion in REE,
with the exception of HFSE in marble from the aureole, which sug-
gests that thevolumeofmigratedcarbonatemeltwas relatively small.
Quoting Wyllie (1965), “the search for criteria of melting (of
carbonate) is a difﬁcult one”. Field and petrological evidence that
marbles were once molten is indeed subtle making it difﬁcult to
establish whether melting of carbonate ever took place and
contributed signiﬁcantly to the volume of gases produced during the
contact metamorphism of sedimentary wall-rock in the plumbing
system of LIPs. We are certain, however, that partial melting of car-
bonate, in addition to high temperature breakdown of carbonate
minerals, adds greatly to the CO2 generating potential of volcanic
sedimentary basins as previously proposed by Svensen et al. (2004,
2007), Retallack and Jahren (2008) and Ganino and Arndt (2009).
6. Conclusion
Our analysis of samples from the aureole surrounding the Pan-
zhihua intrusion provides evidence of several distinct processes
that inﬂuenced their compositions:
(1) Many samples of marble retain compositions similar to those
of the dolomite that dominates the protolith, but other samples
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clastic components in the sediment and from dolerite dykes that
intruded the contact aureole. Abundant within the aureole, these
pre- or syn-intrusive maﬁc dykes provided some of the heat
necessary to the formation of the brucite marbles sampled at a
distance of 300 m from the contact. Circulation of ﬂuids also
contributed to irregular variations in the degree of metamorphism
within the aureole.
(2) Enriched brucite marbles sampled adjacent to the contact of
the Panzhihua intrusion have a peculiar trace element composition
with moderately enriched REE and pronounced negative HFSE
anomalies. We attribute this composition to the formation of a
CaOeMgOeCO2 melt that segregated and migrated during the
deformation in the aureole, interacting as it moved with silicate
minerals of the skarns and acquiring their unusual trace element
composition.
The heterogeneous lithologies within the aureole resulted of a
combination of the protolith heterogeneity, local heating adjacent
to dykes and the circulation of ﬂuidswithin the aureole. Breakdown
of carbonates and local partial melting may have contributed to the
emission of greenhouse gases during emplacement of the
Emeishan large igneous province with probable consequences on
global climate.
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